The tonic influence of dopamine D 1 and D 2 receptors on the activity of striatal neurons in vivo was investigated by performing intracellular recordings concurrently with reverse microdialysis in chloral hydrate-anesthetized rats. Striatal neurons were recorded in the vicinity of the microdialysis probe to assess their activity during infusions of artificial CSF (aCSF), the D 1 receptor antagonist SCH 23390 (10 M), or the D 2 receptor antagonist eticlopride (20 M). SCH 23390 perfusion decreased the excitability of striatal neurons exhibiting electrophysiological characteristics of spiny projection cells as evidenced by a decrease in the maximal depolarized membrane potential, a decrease in the amplitude of up-state events, and an increase in the intracellular current injection amplitude required to elicit an action potential. Conversely, a marked depolarization of upand down-state membrane potential modes, a decrease in the amplitude of intracellular current injection required to elicit an action potential, and an increase in the number of spikes evoked by depolarizing current steps were observed in striatal neurons after local eticlopride infusion. A significant increase in maximal EPSP amplitude evoked by electrical stimulation of the prefrontal cortex was also observed during local eticlopride but not SCH 23390 infusion. These results indicate that in intact systems, ongoing dopaminergic neurotransmission exerts a powerful tonic modulatory influence on the up-and down-state membrane properties of striatal neurons and controls their excitability differentially via both D 1 -and D 2 -like receptors. Moreover, a significant component of D 2 receptor-mediated inhibition of striatal neuron activity in vivo occurs via suppression of excitatory synaptic transmission.
The tonic influence of dopamine D 1 and D 2 receptors on the activity of striatal neurons in vivo was investigated by performing intracellular recordings concurrently with reverse microdialysis in chloral hydrate-anesthetized rats. Striatal neurons were recorded in the vicinity of the microdialysis probe to assess their activity during infusions of artificial CSF (aCSF), the D 1 receptor antagonist SCH 23390 (10 M), or the D 2 receptor antagonist eticlopride (20 M). SCH 23390 perfusion decreased the excitability of striatal neurons exhibiting electrophysiological characteristics of spiny projection cells as evidenced by a decrease in the maximal depolarized membrane potential, a decrease in the amplitude of up-state events, and an increase in the intracellular current injection amplitude required to elicit an action potential. Conversely, a marked depolarization of upand down-state membrane potential modes, a decrease in the amplitude of intracellular current injection required to elicit an action potential, and an increase in the number of spikes evoked by depolarizing current steps were observed in striatal neurons after local eticlopride infusion. A significant increase in maximal EPSP amplitude evoked by electrical stimulation of the prefrontal cortex was also observed during local eticlopride but not SCH 23390 infusion. These results indicate that in intact systems, ongoing dopaminergic neurotransmission exerts a powerful tonic modulatory influence on the up-and down-state membrane properties of striatal neurons and controls their excitability differentially via both D 1 -and D 2 -like receptors. Moreover, a significant component of D 2 receptor-mediated inhibition of striatal neuron activity in vivo occurs via suppression of excitatory synaptic transmission.
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It is well established that corticostriatal glutamatergic and nigrostriatal dopaminergic (DAergic) systems are critically involved in the integration of motor information by striatal medium spiny projection neurons (for review, see . A considerable body of data implicates dysfunction of these systems in movement disorders such as Parkinson's disease and Tourette's syndrome. Although it is known that the activation of convergent corticostriatal glutamatergic inputs depolarizes striatal neurons and drives their activity, the complex influence of DA on the activity states of striatal neurons and its interaction with glutamatergic neurotransmission remains a matter of controversy.
It is known that striatal spiny projection neurons generally exhibit a characteristic shift in membrane potential that consists of "up" and "down" states representing the depolarized and hyperpolarized condition of the membrane, respectively (Wilson, 1993; O'Donnell and Grace, 1995; Wilson and Kawaguchi, 1996; Stern et al., 1997; Grace, 1999, 2000) . In the dorsal striatum and nucleus accumbens, the up state is believed to be driven primarily by excitatory glutamatergic inputs and is not observed after mechanical or pharmacological disruption of afferent inputs (Wilson, 1993; O'Donnell and Grace, 1995) . Given that the up state is also not present in vitro (Calabresi et al., 2000) , the precise influence of D 1 and D 2 receptor activation on the probability that a spiny neuron will reach the up state and fire action potentials is not known.
Nonetheless, recent voltage-clamp studies have generated predictions as to the impact of DA on neuronal excitability during up-and down-state membrane potentials (Nicola et al., 2000) . It has been shown that D 1 receptor activation inhibits evoked activity at hyperpolarized membrane potentials (Calabresi et al., 1987; Hernández-López et al., 1997) and facilitates spike activity when the cell is clamped at a depolarized membrane potential (Hernández-López et al., 1997) . On the other hand, D 2 receptor activation attenuates spike activity when the membrane potential is held at relatively depolarized levels mimicking the up state (Hernández-López et al., 2000) . These studies predict that in the intact animal, DA modulates the excitability of striatal neurons differentially in a manner dependent on the steady-state membrane potential set by afferent drive and the DA receptor subtype involved in modulating membrane activity (Nicola et al., 2000) . Although intriguing, this model is predicated on the proposition that a prolonged depolarized condition induced by intracellular current injection into the soma can approximate the naturally occurring up state driven by glutamatergic afferents in vivo. However, because the DA receptor-dependent modulation of the glutamatergic afferent-driven depolarization in vivo is likely to occur in the distal dendrites, this model needs to be tested using a preparation in which the glutamatergic and DAergic inputs are preserved and behaving naturally.
Thus, the aim of the current study was to examine the influence of endogenous DA and local DA D 1 and D 2 receptor activation on the membrane activity of striatal spiny neurons without compromising the integrity of the neuronal network or altering the natural activity of the recorded neuron. To this end, we have performed in vivo intracellular recordings on neurons located proximal to a microdialysis probe and have used the reverse dialysis method as a means to deliver D 1 and D 2 receptor antagonists locally in the vicinity of the recorded neuron. The current studies reveal that locally infused DA D 1 and D 2 receptor antagonists exert opposite influences on the membrane properties of individual striatal neurons exhibiting neuronal activity characteristic of spiny projection cells.
Some of the results of these studies have been published previously in abstract form (West and Grace, 2000b) .
MATERIALS AND METHODS
Drugs. Chloral hydrate, PBS, eticlopride hydrochloride, and SCH 23390 hydrochloride were purchased from Sigma (St. L ouis, MO). All other reagents were of the highest grade commercially available.
Subjects and surger y. Intracellular recordings of striatal neurons were obtained in vivo from male Sprague Dawley rats (Hilltop, Scottdale, PA) weighing 275-450 gm. Before experimentation, animals were housed two per cage under conditions of constant temperature (21-23°C) and maintained on a 12 hr light /dark cycle with food and water available ad libitum. All animal procedures were approved by the University of Pittsburgh Institutional Animal C are and Use Committee and adhere to the Guide for the Care and Use of Laborator y Animals published by the United States Public Health Service. Before surgery, animals were deeply anesthetized with chloral hydrate (400 mg / kg, i.p.) and placed in a stereotaxic apparatus (Narishige, Tokyo, Japan). The level of anesthesia was periodically verified (every 10 -15 min) via testing for the hindlimb compression reflex and maintained using supplemental administration of chloral hydrate (80 mg /ml) via a lateral tail vein (ϳ0.2 ml /0.5 hr). Temperature was monitored using a rectal probe and maintained at 37°C with a heating pad.
In vivo intracellular recording. Intracellular recording electrodes were manufactured from 1.0 mm outer diameter borosilicate glass tubing (World Precision Instruments, Sarasota, FL) using a Flaming-Brown P-80/ PC electrode puller. Microelectrodes were filled with a potassium acetate (3 M) solution containing 2% biocytin using a nonmetallic Microfil syringe needle. Intracellular electrode impedances typically ranged from 30 to 100 M⍀ as measured in situ. After a burr hole (ϳ2-3 mm in diameter) was drilled over the dorsal striatum (coordinates: Ϫ0.5-2.0 mm anterior from bregma, 2.0 -3.5 mm lateral from the midline, 3-6 mm ventral from brain surface), the dura was resected, and the electrode was lowered into the striatum using a Narishige micromanipulator. All coordinates were derived from a rat brain stereotaxic atlas (Paxinos and Watson, 1986) . Electrode potentials were amplified via a headstage connected to a Neurodata IR-183 intracellular preamplifier (C ygnus Technology, Delaware Water Gap, PA). Intracellular current was injected via an active bridge circuit integral to the preamplifier, and the amplitude of this current was monitored on a Philips PM3337 storage oscilloscope (Fluke, Eindhoven, The Netherlands), and any variation in electrode balance was immediately compensated by adjusting the bridge. C ell penetrations were defined as stable when the cell exhibited a resting membrane potential of at least Ϫ55 mV, fired action potentials having an amplitude of at least 50 mV (range, 52-78 mV) with a positive overshoot, and fired a train of spikes after membrane depolarization. Data were collected for cells that had been defined as stable when these electrophysiological properties were maintained for a minimum period of 5 min. Because some striatal cells were observed to hyperpolarize considerably during the first 5-20 min of recording and sometimes stop firing, neuronal membrane fluctuations were monitored over 5 min baseline periods and allowed to stabilize before the experimental testing phase (i.e., current injection or synaptic activation). In within-subjects experiments, pre-drug measurements of basal activity were always taken during a time period immediately before the drug inf usion (generally at least 10 min after the stabilization of the neuron). During this pre-drug time period no change in the membrane potential fluctuations were observed over several minutes. After experimental manipulations, striatal cells were injected with biocytin (ϳ10 -60 min) via application of depolarizing pulses (ϳ0.5 nA, 300 msec) through the recording electrode. After the electrode was withdrawn from the cell, the extracellular electrode tip potential was recorded, and membrane potential measurements were corrected accordingly.
Data anal ysis. Electrophysiological data obtained during intracellular recordings were digitized by a NeuroData Neurocorder (DR-390) and stored on V HS videotapes. Data were analyzed off-line using Neuroscope software applications developed in our laboratory using an Intelbased microcomputer with a data acquisition board interface (Microstar Laboratories, Bellevue, WA). Basal neuronal activity and the influence of local drug inf usions were determined by comparing the membrane potential and spike activity recorded during the last 30 -60 sec of the 5 min aC SF (control) inf usion period with similar recordings made during drug inf usions (see below). The existence of bistable membrane activity was determined as described previously (O'Donnell and Grace, 1995) . Briefly, the bistable state was operationally defined as the presence of a membrane potential that is maintained at a steady-state depolarized and hyperpolarized membrane potential, without regard as to whether this was a property of the cell membrane or the result of the system of interconnections within the C NS. The presence of an up event was defined as a rapid transition in membrane potential to a depolarized plateau potential exhibiting an amplitude Ն8 mV (range, 8 -42 mV) that was maintained for at least 100 msec. In all cases, time interval plots of membrane potential activity (30 -60 sec recordings sampled at 10 kHz) recorded from neurons exhibiting bistable activity could be fitted to a dual Gaussian distribution with a confidence of Ն0.95 using Origin 6.1 (Microcal Corporation). From these plots, the maximal depolarized and hyperpolarized membrane potentials within the distribution, the up and down state modes (the membrane potential at which the neuron spends the most time in each state), and the area under both modal distributions (time spent in each state) could be determined. The amplitude of up events was measured from the beginning of the rising phase to the peak of the depolarization plateau. Additionally, the duration of up events was measured from the beginning of the rising phase to the point where the falling phase returned to the initial baseline membrane potential. The frequency of up events per 30 sec sample was also determined. The input resistance in up and down states was determined for all striatal cells by injecting a series of hyperpolarizing current pulses (150 msec, 0.1-1.5 nA) and plotting the resulting membrane potential deflections against the amplitude of the current pulse (see Fig. 1 D) . For each neuron, the membrane potential was measured immediately before current injection, and the membrane potential state (up or down) was determined via comparisons with time interval plots of membrane potential activity fitted to dual Gaussian distributions as described above. The linear portion of the resulting data points was then fitted to a least-squares regression line, and the input resistance was estimated from the slope of the lines. The statistical significance of drug-induced changes in measures of cell activity in within-subjects experiments was determined using a paired t test. The statistical significance of drug-induced changes in measures of cell activity in between-subjects experiments was determined using a one-way ANOVA.
Electrical stimulation. In each experiment, twisted-pair bipolar stimulating electrodes (Plastics One) were implanted into the orbital prefrontal cortex (PFC) (coordinates: 3.7-4.7 mm anterior to bregma, 0.2-2.3 mm lateral to midline, 2.5-4.0 mm ventral to brain surface) ipsilateral to the recording electrode (see Fig. 1 ). Stimulation sites in the medial, ventral, and ventrolateral orbital PFC were selected on the basis of results of striatal retrograde and anterograde tracing (Deniau et al., 1996) and electrophysiological studies (Nakamura et al., 1979; Grace, 1999, 2000a) . Single pulses of electrical stimuli with durations of 200 -250 sec and intensities between 0.1 and 3.0 mA were generated using a Grass stimulator (S88) and photoelectric constant current /stimulus isolation unit (PSI U6F, Grass Instruments, Quincy, M A) and delivered at a frequency of 0.2 Hz.
Simultaneous microdial ysis and intracellular recording. Concentric microdialysis probes (Bioanalytical Systems, West Lafayette, I N) having 3-4 mm of exposed membrane (320 m diameter, ϳ6000 Da permeabil-ity) were implanted into the dorsal striatum (coordinates: 0.1-0.7 mm anterior to bregma, 2.0 -3.5 mm lateral to midline, 5.5-6.5 mm ventral to brain surface) over a 25-30 min period (3-4 m /sec) using a micromanipulator (Narishige). Probes were then attached using dental cement (Kerr, Romulus, M I) to a screw positioned in the skull near the burr hole. After implantation, probes were perf used with aC SF containing (in mM): 147 NaC l, 3.0 KC l, 0.8 MgC l 2 , 1.2 CaCl 2 , 2.0 NaH 2 PO 4 , and 2.0 Na 2 HPO 4 at a rate of 2 l /min using a Bioanalytical Systems Baby Bee microperf usion pump as described previously Galloway, 1996, 1997) . We have also shown previously (Moore et al., 2000) that the implantation and perf usion of the microdialysis probe does not alter the membrane properties of viable striatal neurons recorded proximal to the probe in vivo. Electrophysiological recordings were initiated ϳ3-4 hr after probe implantation. Electrodes were positioned to enter the brain surface ϳ1 mm lateral to the probe and lowered at a 10°angle (see Fig.  1 ). The distance between the recording electrode at the surface of the brain and its final position near the center of the exposed length of the dialyzing membrane was estimated to be ϳ4.6 mm. In within-subjects experiments, after isolating a stable cell and recording basal activity for at least 5 min, the effects of intracellular current injection were observed, and drugs were inf used intrastriatally via reverse dialysis. T ypical recordings lasted ϳ20 -30 min (range, 10 -86 min). The conversion from aC SF to drug inf usion during the microdialysis procedure was accomplished using a liquid switch (C arnegie Medicine/ BAS, West Lafayette, I N). Once the drug was administered, basal activity and the effects of intracellular current injection were recorded in the presence of drug. It is estimated that the time elapsed between the switch from aC SF to drug and the beginning of drug inf usion into the brain was ϳ4 min (taking into account the dead space in the microdialysis inlet tubing). To ensure that drug was being delivered into the brain during a given recording period, the dialysis tubing dead space (8 l) and perf usate flow rate (2 l /min) were taken into account, and syringes containing drug were switched 4 min before the initiation of basal activity assessment. All drugs were soluble in aC SF. Effective doses of eticlopride and SCH 23390 were derived from previous in vitro receptor binding (Hall et al., 1985) and in vivo microdialysis (Bean and Roth, 1991; Wolf and Chang-Jiang, 1998) studies. To offset factors such as the permeability of dialysis probe membrane to drug, perf usion flow rate, and drug diff usion in the brain, which are known to limit the amount of drug reaching the site of action (Benveniste and Hüttemeier, 1990) , drug concentrations used in the current study were of necessity higher than the reported DA receptor affinity in striatal membrane preparations.
Histolog y. After experimentation, animals were deeply anesthetized and perf used transcardially with ice-cold saline followed by 4% paraformaldehyde in 0.1 M PBS. Brains were then removed and post-fixed in 4% paraformaldehyde/ PBS for at least 1 week. After this period, brains were immersed in PBS/sucrose solution (25%) until saturated. The tissue was sectioned into 60 m coronal slices, mounted, and stained with cresyl violet to enable histological determination of stimulating and recording electrode sites. In cases in which cells were injected with biocytin through the recording electrode, tissue sections were processed for biocytin immunoreactivity as described previously (Onn and Grace, 1999) .
RESULTS
In the current within-subject studies, one cell was recorded per rat (n ϭ 11). Additionally, in vivo intracellular recordings were made from 39 striatal neurons recorded in 34 rats in the betweensubjects studies. From the above groups, seven biocytin-stained neurons (14%) were recovered and localized to the dorsal striatum. Most of these neurons were estimated to lie within a distance of ϳ500 m from the microdialysis probe track (Fig. 1 B) . In several cases biocytin-immunoreactive processes were observed to lie in close proximity to the microdialysis probe track (Ͻ25 m).
Electrode and microdialysis probe placement
In cells responding to synaptic activation, all stimulating electrode tips implanted into the cortex were confirmed to lie in the PFC between ϳ3.4 and 4.2 mm anterior to bregma, 0.5 and 2.0 mm lateral to the midline, and 2.5 and 4.7 mm ventral to the dural surface (Paxinos and Watson, 1986) . All dialysis probe tips were confirmed to lie within the dorsal striatum between ϳ0.3 mm posterior and 1.4 mm anterior to bregma, 2.0 and 4.8 mm lateral Figure 1 . Intracellular recordings from striatal neurons located proximal to the microdialysis probe. A, Positioning of implants. Electrodes and microdialysis probes were stereotaxically implanted using a micromanipulator (see Materials and Methods). All coordinates were derived from the stereotaxic atlas of Paxinos and Watson (1986) . The corticostriatal pathway from the orbital PFC to the central striatum was activated in some experiments via electrical stimulation. B, Left, Coronal section (2.5ϫ) depicting a photomontage of a striatal neuron (solid arrow) labeled after intracellular biocytin injection (enlarged to 20ϫ on the right). Note that the neuron was located proximal to the active zone of the microdialysis probe (extends dorsally 4 mm from the termination point of the probe track indicated by the dashed arrow). ac, Anterior commissure. C, Intracellular recordings from the striatal neuron labeled in B revealed that this cell did not fire spontaneously but did exhibit membrane activity characterized by rapid and spontaneous transitions from a hyperpolarized state to a depolarized plateau. D, Left, In the same cell, intracellular injection of 150 msec duration constant current pulses (bottom traces) induced deflections in the membrane potential (top traces). Right, A plot of the steady-state voltage deflections against the current pulse amplitudes derived from recordings shown on the left. The input resistance of this neuron (as well as the mean input resistance of all neurons recorded proximal to the dialysis probe) was very similar to that observed in intact animals. E, Single pulses of electrical stimulation delivered to the PFC evoked short-latency EPSPs in this same striatal neuron in a stimulus amplitude-dependent manner.
to the midline, and 4.5 and 7.7 mm ventral to the dural surface (Paxinos and Watson, 1986) . In cases in which the recording electrode tracks could be identified, they were observed to lie within the striatal coordinates reported for the above probe tip placements in the vicinity of the dialysis probe track (Ͻ1.0 mm).
Within-subjects studies: effects of local dopamine antagonist infusions
To examine the influence of local tonic DA D 1 and D 2 receptor activation on the basal activity of striatal neurons in the intact system, recordings were made from the same neurons (n ϭ 11) during aCSF infusion and after intrastriatal infusion of the DA receptor antagonists (5-20 min). Comparisons of time histograms of the membrane potential constructed from the same neuron recorded during separate periods of aCSF and SCH 23390 infusion revealed a decrease in the maximal depolarized membrane potential, which was observed as a leftward shift in the time spent at a given membrane potential ( Fig. 2A,B , Table 1 ). During aCSF infusion, 50% (three of six) of striatal neurons were spontaneously active (Fig. 2C) . After SCH 23390 infusion, none of these neurons (zero of six) exhibited spontaneous action potential discharge, and the average amplitude of up events was significantly reduced (Fig. 2 A, Table 1 ). Moreover, there was a significant increase in the average minimal amplitude of intracellular current injection required to elicit action potential discharge (rheobase) in these same neurons (n ϭ 6; p Ͻ 0.005; paired t test) in the absence of a significant effect on membrane potential before current injection (aCSF control ϭ Ϫ70.4 mV; SCH 23390 ϭ Ϫ79.8 mV; p Ͼ 0.05; paired t test), demonstrating that the excitability of these neurons was reduced (Figs. 2C, 3) . As reported previously (Wilson and Kawaguchi, 1996) , the input resis- Figure 2 . Intrastriatal SCH 23390 infusion attenuates the excitability of striatal neurons. A, Left, During aCSF (vehicle) infusion, this striatal neuron exhibits rapid spontaneous shifts in steady-state membrane potential and spontaneous spike discharge. Right, During local SCH 23390 infusion (10 M, 10 min), this same cell exhibits a hyperpolarization of the membrane and cessation of action potential discharge. Arrows indicate the membrane potential at its maximal depolarized and hyperpolarized levels. B, Comparisons of time histograms of the membrane potential (1 mV bins) constructed from the same neuron recorded during separate periods of aCSF (top, black bars) and SCH 23390 (bottom, gray bars) infusion revealed a decrease in the maximal depolarized membrane potential and an overall hyperpolarizing shift in the time spent at a given membrane potential. C, The mean Ϯ SEM firing rate and rheobase current were determined in striatal neurons recorded during intrastriatal aCSF and again after SCH 23390 (n ϭ 6) infusion (5-20 min). Left, A cessation of action potential discharge was observed after local SCH infusion. Right, The average minimal current amplitude required to reach threshold (rheobase) was significantly increased after intrastriatal SCH 23390 infusion (*p Ͻ 0.005; paired t test). SCH 23390 infusion did not significantly affect the membrane potential recorded before current injection (aCSF control ϭ Ϫ70.4 mV; SCH 23390 ϭ Ϫ79.8 mV; p Ͼ 0.05, paired t test). (Figs. 4 A, 5) . Comparisons of membrane potential distributions plotted as time histograms from individual cells recorded during separate periods of aCSF and eticlopride infusion revealed an overall depolarizing shift in the maximal hyperpolarized membrane potential, revealed as a rightward shift in the time spent at a given membrane potential (Fig. 4 B, Table  2 ). During aCSF infusion, two of five striatal neurons were spontaneously active. After eticlopride infusion (5-20 min), the firing rate of two of five neurons was potently increased (Figs. 4C,  5) . Additionally, the mean up and down state membrane potential modes were significantly more depolarized after eticlopride infusion (Table 2 ) (*p Ͻ 0.05; paired t test). Analysis of the effects of eticlopride on the responsiveness of these neurons to intracellular current injection was not performed because most of the neurons in this group were not held long enough to enable these tests to be carried out.
Between-subjects studies
To control for potential recording time effects on membrane activity, increase the likelihood of achieving a steady-state drug concentration at the recording site, and allow for a more thorough examination of the effects of DA antagonists on activity evoked by Response of a single cell to increasing amplitudes of intracellular current injected during aCSF infusion. Right column, Response of the same cell to depolarizing current pulses injected during SCH 23390 infusion (ϳ6 -8 min). Note that after SCH 23390 (10 M) infusion, the responsiveness of this cell to intracellular current injection was decreased even when the membrane potential before the current pulse was more depolarized than control conditions (third trace, 0.4 nA). Bottom traces indicate current injection steps. Top traces indicate the voltage response. The membrane potential before current injection is indicated below the voltage trace. The current amplitude is indicated above the current step. Figure 4 . Intrastriatal eticlopride infusion increases the excitability of striatal neurons. A, Left, During aCSF (vehicle) infusion, this striatal neuron exhibits rapid spontaneous shifts in steady-state membrane potential but does not exhibit spontaneous spike discharge. Right, During local eticlopride infusion (20 m, 4.5-5.5 min), the membrane potential of this same cell is depolarized, and the cell fires action potentials. Arrows indicate the membrane potential at its most depolarized and hyperpolarized levels. B, Comparisons of time histograms of the membrane potential constructed from the same neuron recorded during separate periods of aCSF (black bars) and eticlopride (white bars) infusion reveal a decrease in the maximal hyperpolarized membrane potential (1 mV bins), demonstrated by a rightward shift in the time spent at a given membrane potential. C, An increase in the mean Ϯ SEM firing rate was observed in some neurons (2 of 5) recorded during local eticlopride infusion.
intracellular current injection and synaptic activation in a larger population of neurons, additional studies were performed using a between-subjects design, and comparisons between control and drug treatment groups were made across cells. Striatal neurons in both control and drug groups often exhibited spontaneous shifts in membrane potential from a hyperpolarized state to a depolarized plateau (Fig. 6) . Additionally, time histograms of the membrane potential of individual neurons plotted over a 30 sec baseline period revealed that the majority of cells from control and both drug groups exhibited bimodal distributions in membrane potential (Fig. 6, insets) , which is a characteristic of neurons exhibiting a bistable pattern of activity. Comparisons of basal activity and up and down state characteristics were not performed in between-subjects groups because of the considerable variability in membrane properties observed across cells and the lack of statistical power associated with between-cell comparisons.
Between-subjects studies: intracellular current injection
Similar to the within-subjects studies, the input resistance measured with hyperpolarizing pulses was lower in the down state than in the up state in all groups and was unaffected by drug infusion (data not shown). Action potentials could be evoked by depolarizing the membrane via intracellular current injection into neurons from both aCSF control and drug groups (Fig. 7) . In cells from all groups, a gradual depolarization of the membrane preceded the action potential evoked by positive current injection, and a prominent afterhyperpolarization after the spike was typically observed (Fig. 7) . No significant differences in the characteristics of spikes evoked by rheobase current (minimal amplitude of intracellular current injection required to elicit action potential discharge) were observed in neurons recorded in aCSF control, SCH 23390, and eticlopride groups (data not shown). Consistent with within-subjects studies, neurons recorded during SCH 23390 infusion exhibited an increase in the current amplitude required to reach threshold (Figs. 7C, 8A) (Q ϭ 1.7; # p Ͻ 0.05; ANOVA with Dunn's test) in the absence of a significant drug effect on the membrane potential recorded before current injection ( p Ͼ 0.05; aCSF control ϭ Ϫ77.4 Ϯ 2.6 mV; SCH 23390 ϭ Ϫ79.3 Ϯ 2.9 mV; p Ͼ 0.05; ANOVA). Additionally, a decrease in the maximal depolarized membrane potential (leftward shift) was observed in neurons recorded during SCH 23390 infusion (aCSF maximal membrane potential ϭ Ϫ57.1 Ϯ 2.0 mV; SCH 23390 maximal membrane potential ϭ Ϫ66.4 Ϯ 2.8 mV; F ϭ 5.24; p Ͻ 0.05; ANOVA with Dunnett's test).
In neurons recorded during eticlopride infusion, there was a decrease in the mean amplitude of intracellular current injection required to elicit an action potential (Figs. 7B, 8A) (Q ϭ 2.0; *p Ͻ 0.05; ANOVA with Dunn's test). Additionally, the membrane potential of striatal neurons recorded before intracellular current injection was significantly depolarized during eticlopride infusion (aCSF control ϭ Ϫ77.4 Ϯ 2.6 mV; eticlopride ϭ Ϫ67.5 Ϯ 3.4 mV; F ϭ 3.77; p Ͻ 0.05; ANOVA with Dunnett's test). The number of spikes evoked by single pulses of suprathreshold levels of current was also significantly greater in neurons recorded during local eticlopride infusion (Fig. 8 B) (F ϭ 7.7; *p Ͻ 0.05; ANOVA with Dunnett's test).
Between-subjects studies: prefrontal cortex stimulation
In a subpopulation of striatal neurons recorded in control (n ϭ 8), eticlopride (n ϭ 6), and SCH 23390 (n ϭ 5) groups (across cells), EPSPs and occasionally spikes could be evoked by single pulses of electrical stimuli delivered to the orbital PFC (Fig. 9) . To compare the effects of PFC stimulation on cells from control and drug groups, a series of single pulses of electrical stimuli (200 sec, 0.2 Hz) were delivered at gradually increasing stimulus intensities (0.2-3.0 mA). At higher stimulus intensities (1.0 -3.0 mA), EPSPs exhibiting rapid onset latencies (ϳ3-5 msec) were observed that typically reached maximal amplitude and did not increase further when higher intensity pulses were delivered. For all cells, responsiveness to PFC stimulation was assessed by analyzing the onset latency, duration, and amplitude of the EPSP evoked at the lowest stimulus intensity required to produce a response of maximal amplitude. EPSP amplitudes were measured from the beginning of the rising phase to the peak of the depolarization. EPSP duration was measured from the beginning of the rising phase to the point where the falling phase returned to the initial baseline membrane potential. Analyses of EPSP characteristics revealed no significant differences in the maximal EPSP evoked by electrical stimulation of the PFC between the aCSF control and SCH 23390 groups ( p Ͼ 0.05; ANOVA). However, a marked increase in the maximal EPSP amplitude was observed in cells recorded during local eticlopride infusion as compared with aCSF controls (Fig. 9 A, B) (F ϭ 3.63; p Ͻ 0.05; ANOVA with Dunnett's test). There were no significant differences in the average membrane potential before electrical stimulation in control (-89.1 Ϯ 2.3 mV) and eticlopride (-86.3 Ϯ 2.8 mV) groups ( p Ͼ 0.05; t test). Moreover, the mean Ϯ SEM EPSP onset latency (control ϭ 5.6 Ϯ 
DISCUSSION
The results of this study indicate that in the intact system where both the natural neuronal activity states and ongoing DAergic transmission are preserved, endogenous DA modulates the membrane activity of striatal spiny neurons differentially via local DA D 1 and D 2 receptor activation. In particular, tonic D 1 receptor activation increases membrane excitability, whereas tonic D 2 receptor activation decreases the excitability of striatal neurons in Figure 8 . Opposite effects of local D 1 and D 2 antagonist infusion on activity evoked by intracellular injection of depolarizing current. The mean Ϯ SEM rheobase current and number of spikes evoked by current steps of increasing intensity were determined in separate populations of striatal neurons recorded during intrastriatal aCSF, eticlopride (20 M), or SCH 23390 (10 M) infusion (5-90 min). Comparisons of the above measures of neuronal activity were made among the aCSF control (n ϭ 19 cells), eticlopride (n ϭ 10 cells), and SCH 23390 (n ϭ 10) groups using a one-way ANOVA. A, Eticlopride infusion induced a decrease in the minimal current amplitude required to reach threshold (*p Ͻ 0.05; ANOVA, Dunn's test), whereas SCH 23390 was observed to increase the rheobase current ( # p Ͻ 0.05; ANOVA, Dunn's test). B, An overall increase in the number of spikes elicited for a given current intensity was observed after eticlopride infusion (*p Ͻ 0.05; ANOVA, Dunnett's test), whereas SCH 23390 was without effect ( p Ͼ 0.05). vivo. Moreover, the facilitatory and inhibitory influences of local D 1 and D 2 receptor activation, respectively, are exerted at both up-and down-state membrane potentials.
Technical considerations
Recordings were performed from striatal neurons that, on the basis of the termination of the recording electrode tracks and in some cases the location of the soma of biocytin-labeled neurons, were all estimated to lie within 500 m of the microdialysis probe. The responsiveness of striatal neurons to local DA antagonist infusions also demonstrated that the soma or dendritic field of the recorded neuron came into contact with the infused drug. It is unlikely that the microdialysis procedure itself altered the activity of neurons recorded in this study, because we have observed previously that the effects of local microdialysis on ongoing synaptic activity, passive membrane properties, and evoked activity of striatal neurons are negligible (Moore et al., 2000) . Additionally, the finding that DA antagonist administration elicited potent effects on striatal neuron activity argues against the proposition that the microdialysis procedure substantially depletes the extracellular pool of DA within the vicinity of the probe.
Overall, neurons recorded proximal to the microdialysis probe exhibited electrophysiological characteristics similar to those reported by other laboratories (Calabresi et al., 1990; Wilson, 1993; Wickens and Wilson, 1998; Mahon et al., 2000) , except that they generally exhibited more hyperpolarized up and down states (Wilson and Kawaguchi, 1996; Stern et al., 1997; Wickens and Wilson, 1998; Reynolds and Wickens, 2000) . Although part of this may have been caused by the partial destruction of excitatory inputs after probe implantation, the fact that (1) the modal membrane potential in both the up and down states was relatively hyperpolarized and (2) previous studies have shown that the down-state membrane potential is determined by an inwardly rectifying potassium current and not synaptic inputs (Wilson and Kawaguchi, 1996) make this explanation unlikely. It is more likely that methodological differences, such as pipette electrolyte concentrations or the type of anesthesia [because different anesthetics have variable effects on bistable activity patterns in corticostriatal and striatal output neurons in vivo (Mahon et al., 2001) ], contributed to the observed differences between studies.
Influence of local D 1 receptor antagonism on spontaneous activity and intracellular current-elicited firing frequency
Tonic stimulation of the D 1 receptor in vivo appears to exert a primary facilitatory effect on spontaneous activity when the cell is in the up state. Thus, in both within-and between-subjects studies, intrastriatal infusion of the D 1 antagonist SCH 23390 potently inhibited striatal neuron activity by causing a decrease in the maximal depolarized membrane potential. Additionally, in both within-and between-subjects studies, SCH 23390 infusion potently inhibited depolarization-evoked activity when the cell was in the down state. Local SCH 23390 infusion also decreased the amplitude of up events in within-subjects studies.
Consistent with our findings, recent studies using extracellular recordings have shown that electrical stimulation of the medial forebrain bundle enhances the activity of a subpopulation of striatal neurons, and this is blocked by SCH 23390 (Gonon, 1997) . Additional studies using iontophoretic techniques in anesthetized (Hu and Wang, 1988; Hu and White, 1997) and freely moving (Kiyatkin and Rebec, 1996) rats have shown that DA applied at low ejection currents will facilitate the excitatory effects of glutamate on striatal neurons via a D 1 receptor-dependent mechanism. DA D 1 receptor activation has also been shown to enhance L-type Ca 2ϩ currents and evoked spike discharge (Surmeier et al., 1995; Hernández-López et al., 1997) and NMDA receptormediated responses and reduce GABA A receptor currents in striatal neurons (Flores-Hernandez et al., 2000) . Blockade of these D 1 receptordependent effects would be expected to decrease the excitability of striatal neurons.
In contrast, multiple studies in vitro report inhibitory effects of D 1 receptor activation on striatal neurons (for review, see Calabresi et al., 1987 Calabresi et al., , 2000 . Studies using voltage-clamp techniques also show that D 1 receptor activation decreases sodium currents and increases anomalous rectifier K ϩ currents in striatal spiny neurons . These actions of D 1 receptor signaling are believed to suppress evoked activity when the neuron is in the down state (Nicola et al., 2000) . However, our results show that the D 1 antagonist SCH 23390 decreased the responsiveness of striatal neurons to depolarizing current, which was usually delivered at membrane potentials residing near the down state (e.g., Ϫ80 mV). These findings are not necessarily in conflict with the above in vitro studies because, in the current in vivo studies, the antagonist perfusion is likely to have had direct effects on the recorded neuron as well as indirect affects on the surrounding network of GABAergic, nitrergic, and cholinergic interneurons believed to be potently modulated by DA (Calabresi et al. 2000) . Because these interneurons receive considerably more active DAergic input in vivo, they are likely to play a significant role in modulating the activity of striatal projection cells in the intact animal. Thus, a disruption of D 1 receptor signaling on the network level is likely to result in complex direct and indirect effects on the recorded neuron in vivo, which may not be relevant to in vitro preparations.
Influence of local D 2 receptor antagonism on spontaneous and evoked activity
In contrast to the evidence for D 1 receptor-induced excitation of striatal neurons, tonic D 2 receptor stimulation appears to exert the opposite effects. Thus, in within-subjects studies, reverse dialysis of the D 2 antagonist eticlopride induced a rightward depolarizing shift in the maximal hyperpolarized membrane potential and up-and down-state membrane potential modes of striatal cells exhibiting bistable activity patterns. In betweensubjects studies, eticlopride infusion decreased the amplitude of intracellular current injection required to elicit an action potential and increased the number of spikes evoked by suprathreshold levels of current injection delivered when the cell was in the down state.
In agreement with our findings, the majority of studies in vivo and in vitro have shown that D 2 agonists generally induce a decrease in the excitability of striatal spiny neurons (for review, see , although the physiological consequences of D 2 receptor activation may not be consistent across all striatal neuron types (for review, see Nicola et al., 2000) . It is possible that the depolarizing effects of eticlopride observed within both membrane potential states in the current within-subjects studies may be a consequence of the blockade of D 2 receptor-mediated activation of a depolarization-activated K ϩ channel . Pharmacological antagonism of tonic D 2 receptor activation may also result in decreased suppression of Na ϩ channels in some neurons, which could act to increase the magnitude of spontaneous membrane depolarizations. A recent study has also demonstrated that D 2 receptor activation decreases the activity of L-type Ca 2ϩ channels and suppresses evoked activity in striatal spiny neurons (Hernández-López et al., 2000) . Thus, although D 2 -like receptors can modulate membrane conductances of striatal neurons via a diverse array of signaling mechanisms, the primary effect of D 2 receptor stimulation in vivo is an inhibition of membrane excitability at both depolarized and hyperpolarized membrane potential states.
DA D 2 receptors also appear to exert a tonic inhibitory influence over corticostriatal glutamatergic afferents. Thus, in a subpopulation of neurons that responded to electrical stimulation of the orbital PFC, a significant increase in the maximal EPSP amplitude was observed during local eticlopride infusion as compared with aCSF controls. This is the first report demonstrating that removal of tonic D 2 receptor activation augments PFC stimulation-evoked EPSPs in striatal neurons recorded in vivo. These observations are consistent with previous studies using striatal brain slices demonstrating that bath-applied DA or D 2 agonists decreased the amplitude of EPSPs evoked by electrical stimulation of corticostriatal pathways (O'Donnell and Grace, 1994; Hsu et al., 1995; Levine et al., 1996) and EPSCs evoked by local stimulation (Umemiya and Raymond, 1997) . In the accumbens this D 2 receptor-mediated suppression appears to also be tonic in nature, because D 2 antagonist administration will increase cortico-accumbens evoked responses (O'Donnell and Grace, 1994) . Although it is currently not clear whether the regulatory action of DA on EPSPs in striatal neurons is occurring via a presynaptic or postsynaptic mechanism [however, see Grace (2002) ], the current study indicates that DA exerts a powerful tonic inhibitory influence over frontal-cortical afferent-evoked responses in the intact animal.
Dopamine receptor antagonism and direct and indirect striatal output pathways
Gene regulation studies have shown that DA differentially affects striatal projection neurons comprising the direct and indirect pathways because of their differential expression of D 1 or D 2 receptors, respectively (for review, see Gerfen, 2000) . This issue of DA receptor segregation was not addressed in the current study, primarily because of difficulties related to the time required for effective drug wash out and/or recovery from long-term effects of the high-affinity antagonist infusion. However, in the studies in which the activity of the same neuron was monitored before and after drug infusion, all 11 neurons responded to DA antagonist infusion. Unfortunately, it is not possible to determine whether these responses were mediated via direct effects of drug on the recorded neuron or via circuit interactions using the current techniques.
Functional implications
Tonic DA D 1 and D 2 receptor activation was found to exert potent effects on the synaptic efficacy and the excitability of striatal neurons. In this respect, DA appears to act as a gate, in which the integration of information arising from frontal and motor cortex inputs is dependent on the current activity state of the corticostriatal system. Thus, the tonic D 2 -mediated inhibition of synaptic efficacy may be important in suppressing striatal output when the PFC is relatively inactive and the animal is not engaged in goal-related behavior. Conversely, during a state of behavioral activation the PFC together with converging excitatory drive from the motor cortices can overcome the inhibitory D 2 effects and drive the neuron into the up state, at which point D 1 receptor activation is capable of depolarizing the membrane further and facilitating spike discharge. In agreement with this hypothesis, long-term depression of corticostriatal inputs is reversed by concurrent stimulation of the substantia nigra in controls but not in DA-depleted animals (Reynolds and Wickens, 2000) . Interestingly, these DA-depleted animals also exhibit a decrease in the maximal depolarized membrane potential and a depression of up-state amplitude (Reynolds and Wickens, 2000) , similar to that observed in the current study after local infusion of the D 1 receptor antagonist. Thus, by controlling the excitability of striatal neurons via distinct effects on membrane activity and afferent drive, the DA system is positioned to exert a true modulatory influence over information processing within this highly integrative brain region.
